The enzyme PP1␥2 is a testis-and sperm-specific isoform of type 1 protein phosphatase (PP1), and it is the only isoform of PP1 in spermatozoa. The enzyme PP1␥2 is essential for spermatogenesis and is also a key enzyme in the development and regulation of sperm motility. The carboxy terminus of the enzyme contains a consensus amino acid sequence for phosphorylation by cyclin-dependent kinases. Using antibodies specific to this phosphorylated amino acid sequence domain, we found that phosphorylated PP1␥2 is present in bovine epididymal spermatozoa. The level of phosphorylated PP1␥2 is significantly higher in motile caudal compared to immotile caput epididymal spermatozoa. A number of treatments, such as 2-chloro adenosine, cAMP analogues, cAMP phosphodiesterase inhibitors, and calcium, which stimulate sperm motility, did not alter the level of phosphorylated PP1␥2. However, calyculin A, which is an inhibitor of protein phosphatase subtypes PP1 and PP2A, significantly increases the level of phosphorylated PP1␥2 in both caput and caudal epididymal spermatozoa. Partial purification by column chromatography showed that phosphorylated PP1␥2 is catalytically active. Phosphorylated PP1␥2 is the only spontaneously catalytically active form of the enzyme in caudal sperm extracts. Western blot analysis shows that the enzyme cyclindependent kinase 2, one of the enzymes that phosphorylates the consensus domain at the carboxy terminus in PP1 isoforms, is present in spermatozoa. Western blot analysis of proteins extracted from purified head and tail fragments of spermatozoa showed that phosphorylated PP1␥2 is present predominantly in the sperm head. Fluorescence immunocytochemistry also showed that phosphorylated PP1␥2 is present predominantly in the posterior region of the sperm head. The distinct subcellular localization and changes in its level during sperm maturation suggest a possible role for sperm phosphorylated PP1␥2 in signaling events during fertilization.
INTRODUCTION
Mammalian spermatozoa acquire their capacity for motility and fertilization during epididymal transit while concomitantly undergoing marked changes in chemical and physical properties [1, 2] . These changes are in shape, metabolic patterns, enzymatic activities, chemical and physical properties of the plasma membrane, ability to bind specific 1 Supported by NIH grant RO1 HD38520. epididymal proteins, and in the female tract, ability to bind to the zona pellucida [1, 2] . Despite this knowledge and several decades of biochemical work, the biological significance of most of these changes in relation to development of motility and fertilization potential of spermatozoa remains unclear.
Sperm functions are regulated by intracellular ''second messengers''-cAMP, calcium, and pH [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These mediators presumably act through protein phosphorylation. Protein phosphorylation is a result of the regulated action of protein kinases and protein phosphatases. Sperm motility in immature spermatozoa can be initiated by treatments that stimulate protein kinase activity or inhibit protein phosphatase activity [13] [14] [15] . This suggests that the potential for motility already exists in immature epididymal spermatozoa. Low protein kinase and high protein phosphatase activities most likely limit motility in immature spermatozoa. A key enzyme regulating sperm motility development is PP1␥2, which is one of the isoforms of type 1 serine/threonine phosphatase (PP1) [13] [14] [15] . High catalytic activity of sperm PP1␥2 holds motility in check in immature caput epididymal spermatozoa. Protein phosphatase inhibitors initiate motility in caput epididymal spermatozoa and stimulate motility in caudal epididymal spermatozoa [13] [14] [15] .
The ability of spermatozoa to bind and fertilize the egg develops in the epididymis in parallel with motility [1, 16, 17] . The same protein kinases and protein phosphatases responsible for regulating motility also likely play a role in signaling events during fertilization. Supporting this notion is the observation that many factors and treatments shown to be essential for maintaining and promoting the fertilizing ability of spermatozoa are also those that stimulate sperm motility [1, 2, 16] . These factors include bicarbonate, calcium, phosphodiesterase inhibitors, and protein phosphatase inhibitors [13] [14] [15] . For example, the protein phosphatase-inhibitors calyculin A and okadaic acid not only stimulate motility but also promote sperm hyperactivation [18, 19] and zona-induced sperm acrosome reaction [20] . Therefore, PP1␥2, which is present both in the head and tail regions of spermatozoa [21] , likely plays roles in signaling events during fertilization and in regulating sperm flagellar motion.
The two isoforms of PP1 (PP1␥1 and PP1␥2) are alternatively spliced isoforms generated from a single gene. These two PP1 variants are identical in all respects, except that PP1␥2 has a unique, 21-amino-acid carboxy terminus extension. The PP1␥1 is ubiquitous, but PP1␥2 is expressed only in testis and spermatozoa [22] [23] [24] . Disruption of the gene for PP1␥2 arrests spermatogenesis in mice [25] . The PP1␥2 isoform, with its unique carboxy terminus extension, is present in all mammalian spermatozoa that we have tested so far-mouse, rat, hamster, bull, nonhuman primate, and human [13-15; unpublished data] .
In somatic cells, the serine/threonine phosphatase PP1 participates in many functions, such as regulation of me- tabolism, cell cycle, cell signaling, and muscle contraction [26, 27] . The catalytic subunit of PP1, depending on the cell type, is bound to many targeting subunits and regulatory subunits [26] [27] [28] . Targeting subunits determine substrate specificity and localize PP1 to distinct subcellular compartments. The regulatory subunits either increase or suppress PP1 activity. Some of the PP1 regulatory subunits identified in somatic cells are inhibitor 1, inhibitor 2 (I2), inhibitor 3, and DARPP32 (dopamine-and cAMP-regulated phosphoprotein) [28, 29] . We have shown that sds22, which is a mammalian homologue of the yeast PP1-binding protein, is a PP1␥2 regulatory protein in spermatozoa [21] .
Enzymatic activity of PP1 can also be regulated by phosphorylation of the catalytic subunit. All isoforms of PP1, including PP1␥2, contain a Thr-Pro-Pro-Arg (tppr) amino acid sequence segment at the carboxy terminus, which is a consensus sequence for phosphorylation by cyclin-dependent kinases (Cdks) [30] . The protein phosphatase PP1␣ and PP1␥1 can be phosphorylated in vitro by cyclin-dependent kinases, Cdk1 and Cdk2 [31] [32] [33] . Increased PP1␣ phosphorylation, taking place during G 2 /M-phase and G 1 / S-phase transitions, is essential for normal cell cycle and mitosis [31] [32] [33] [34] [35] [36] . In those studies, it was found that phosphorylation reduced catalytic activity of the enzyme [31] [32] [33] . This change in PP1 activity is thought to alter the balance between phosphorylation and dephosphorylation of key proteins involved in cell-cycle progression.
Research in our laboratory is devoted to understanding how PP1␥2 activity is regulated in spermatozoa. Sperm PP1␥2 fractionates into three distinct pools during purification by column chromatography. Characterization of these different forms of PP1␥2 by Western blot analysis revealed that one of these was phosphorylated. This observation prompted the studies outlined in the present report. We have demonstrated, to our knowledge for the first time, that a portion of sperm PP1␥2 localized to the sperm head is phosphorylated and that the level of phosphorylated PP1␥2 increases during sperm maturation in the epididymis. The enzyme Cdk2, which is the protein kinase implicated in PP1 phosphorylation, is present in spermatozoa. The distinct localization in the head and changes in its levels during sperm passage through the epididymis suggest an important role for PP1␥2 phosphorylation in sperm functions.
MATERIALS AND METHODS

Preparation of Sperm Extracts
Testes with intact tunica from mature bulls were obtained from a local slaughterhouse. Spermatozoa were isolated from caudal and caput epididymis and washed as previously described [13] in buffer A (10 mM TrisHCl [pH 7.2] containing 120 mM NaCl, 10 mM KCl, and 5 mM MgSO 4 ). Sperm pellets were suspended in a homogenization buffer (buffer B; 10 mM Tris [pH 7.2] containing 1 mM EDTA, 1 mM EGTA, 10 mM benzamidine-HCl, 1 mM PMSF, 0.01 mM N-tosyl-L-phenylalanine chloromethylketone, and 5 mM ␤-mercaptoethanol). The sperm suspension was sonicated with three 5-sec bursts of a Biosonic II sonicator (Bronwell Scientific, Rochester, NY) at maximum setting. The sperm sonicate was centrifuged at 16 000 ϫ g for 10 min. The supernatants obtained were then supplemented with 10% glycerol and stored at Ϫ20ЊC until further use; hereafter, this preparation is referred to as sperm 16K extracts or sperm extracts. For the detection of phospho-PP1␥2, we also prepared wholesperm extracts. The sperm pellet was boiled with sample buffer without dithiothreitol for 5 min, then the solution was centrifuged at 16 000 ϫ g for 10 min and the supernatant boiled again with 1% (v/v) ␤-mercaptoethanol for 1 min. Hereafter, this preparation is referred to as whole-sperm extracts. Unless indicated otherwise, all the phospho-PP1␥2 Western blot results were from the analysis of whole-sperm extracts.
Preparation of Sperm Head and Tail Fragments
Preparation of head and tail fragments following sonication and centrifugation is based on a previously published technique [37] . Briefly, testes with intact tunica from mature bulls were obtained from a local slaughterhouse. Spermatozoa isolated from caudal and caput regions of the epididymis were resuspended in buffered 0.9% NaCl twice and sonicated three times for 1 min each. The sperm sonicate centrifuged at 3000 ϫ g at room temperature for 15 min resulted in the formation of three layers. The cloudy supernatant contained tail fragments. The buff-colored top layer was enriched in midpiece fragments, and the layer beneath this was a lighter-colored pellet composed of sperm heads. The top layer was scraped away with a spatula and the remaining pellet resuspended and centrifuged at 3000 ϫ g to isolate the sperm heads. This procedure was repeated three times. Visual analysis by microscopy showed that the tail fragment preparation was essentially pure, with an occasional head fragment being visible. The head fragment preparation, although enriched in heads, also had a few midpiece fragments and, occasionally, whole spermatozoa.
Column Chromatography
Caudal sperm 16K extract (50 ml prepared from 5 ϫ 10 10 spermatozoa in buffer B) was passed through a diethylaminoethyl (DEAE)-cellulose (Amersham, Piscataway, NJ) column (0.5 ϫ 13 cm) pre-equilibrated with buffer C (buffer B with 0.05 M KCl and additional protease inhibitors: pepstatin A, 1 g/ml; aprotinin, 2 g/ml; and leupeptin, 0.5 g/ml). The column was washed with 20 ml of buffer C followed by elution with a linear gradient of 0.05-0.65 M KCl in buffer C. Flow-through and gradient fractions (0.185-0.35 M KCl) containing PP1␥2 activity or PP1␥2 immunoreactivity were pooled separately and concentrated using a Centricon-10 filter (Millipore Corp., Bedford, MA). The DEAE-cellulose flowthrough containing PP1␥2 was also applied to sulfopropyl (SP)-sepharose (5 ml, prepacked; Amersham) column pre-equilibrated with buffer C. The column was washed with 10 ml of buffer C followed by elution with a linear gradient of 0.05-0.65 M KCl in buffer C. The flow-through and gradient fraction after the SP-sepharose column were concentrated and analyzed for PP1␥2 activity and immunoreactivity. The DEAE-cellulose gradient fraction containing PP1␥2 was applied to SP-sepharose (5 ml, prepacked) column pre-equilibrated with buffer C. The column was washed with 10 ml of buffer C followed by elution with a linear gradient Spermatozoa were incubated with or without calyculin A at 37ЊC for 15 min and then collected by centrifugation at 600 ϫ g, and whole-sperm extracts were prepared for Western blot analysis as described in Materials and Methods.
of 0.05-0.65 M KCl in buffer C. The flow-through and gradient fraction after SP-sepharose column were concentrated and analyzed for PP1␥2 activity and immunoreactivity. All column procedures were conducted at 4ЊC. Total protein in caudal sperm extracts and in fractions obtained from column chromatography were measured with Coomassie brilliant blue dye reagent (Bio-Rad, Hercules, CA) as described previously [38] .
Protein Phosphatase Activity Assay
Preparation of radiolabeled phosphorylase a and its use as a substrate for measurement of PP1 activity was based on a protocol described previously [13] . The substrate and aliquots from fractions obtained after column chromatography were incubated (in a total volume of 40 l) at 30ЊC with 1 mM Mn 2ϩ and with or without inhibitors for 10 min. At the end of this incubation, the reaction was terminated with 180 l of 20% trichloroacetic acid, after which the tubes were centrifuged for 5 min at 12 000 ϫ g at 4ЊC. The supernatants were quantitated for 32 PO 4 released from phosphorylase a. One unit of enzymatic activity is the amount of enzyme that catalyzed the release of 1 nmol/min of 32 PO 4 . This assay measured both protein phosphatase PP1 and PP2A activities [13] . Phosphatase activity of PP1 was measured in the presence of the protein phosphatase inhibitor I2. Sperm extracts or column fractions were incubated with I2 (0.5 g/ml) for 10 min at 30ЊC before addition of substrate. Enzyme activity sensitive to I2 was caused by PP1.
Western Blot Analysis
Sperm extracts and aliquots from fractions obtained from column chromatography (2-10 g) were separated by SDS-PAGE through 12% acrylamide slab gels based on the protocol of Laemmli [39] . After electrophoresis, proteins were electrophoretically transferred to an Immobilon-P polyvinylidene fluoride membrane (Millipore, Billerica, MA). Nonspecific protein-binding sites on the membrane were blocked with 5% nonfat dry milk in Tris-buffered saline (TBS; 25 mM Tris-HCl [pH 7.4] and 150 mM NaCl). The blots were then washed twice for 15 min each time with TTBS (TBS containing 0.1% Tween 20) followed by incubation with anti-PP1␥2 (1:5000), anti-phospho-PP1 (1:2000), anti-Cdk1(1:1000), and anti-PSTAIR (1:500) antibodies. The PP1␥2 antibody was commercially prepared (Zymed Laboratories, San Francisco, CA) using a synthetic carboxy terminus extension of PP1␥2 (22 amino acids of the carboxyl terminus) as the antigen. The specificity of the antibody to detect PP1␥2 has been documented previously [13, 21] . Phospho-PP1 antibody was prepared using residues 316-323 of PP1-C␣ as the antigen [32] . Antibodies were affinity purified with the synthetic peptides conjugated to a sulfo-link column [32] . We have used two Cdk1 antibodies. One (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) is an affinity-purified rabbit polyclonal antibody raised against a 19-amino-acid peptide mapping at the carboxy terminus of Cdk1 of human origin. The other (EMD Biosciences, Inc., San Diego, CA) is an affinity-purified rabbit polyclonal antibody raised against a peptide mapping mouse Cdk1 (263-297 amino acid residues). The PSTAIR antibody (Sigma-Aldrich Corp., St. Louis, MO) is a mouse monoclonal antibody raised against BSA conjugated to a synthetic, 16-amino-acid oligopeptide containing the PSTAIR sequence. The antibody recognizes both Cdk1 and Cdk2. After washing, the blots were incubated with the appropriate secondary antibody conjugated to horseradish peroxidase at 1:2000 dilution for 1 h at room temperature. Blots were washed with TTBS twice for 15 min each time and four times for 5 min each time. Blots were then developed with an enhanced chemiluminescence kit (Amersham, Little Chalfont, UK).
Calyculin A, Isobutylmethylxanthine, and Calcium Treatment of Caudal and Caput Spermatozoa Spermatozoa were isolated from caudal and caput epididymis and washed as previously described [13] in buffer A. Twice-washed spermatozoa were suspended in buffer A supplemented with 10 mM glucose. Sperm were treated with calyculin A (final concentration, 50 nM), isobutylmethylxanthine (IBMX; final concentration, 0.1 mM), or varying calcium concentrations (0.1-2 mM) in the presence or absence of 10 M ionomycin. The total volume of the sperm suspension was 1 ml. The sperm suspension was incubated at 37ЊC for 15 min. After the incubation, spermatozoa were pelleted by centrifugation at 600 ϫ g at 4ЊC. Whole-sperm extracts were prepared as previously described. The samples not used immediately were stored at Ϫ20ЊC. A and lanes 2, 3, and 7 in B is an artifact of scanning and/or visual illusion. C) Protein phosphatase activity of column chromatographic fractions. Protein phosphatase activity was measured using radiolabeled phosphorylase a as a substrate as described in Materials and Methods. Aliquots of sperm extracts and column fractions were used in the assay, which was performed in the presence or absence of PP1-inhibitor I2 (final concentration, 0.5 g/ml). The values shown are the I2-sensitive activity attributed to PP1. The values are the means of a duplicate measurement of a single large-scale column run. Similar results were obtained in multiple trial column runs.
Indirect Fluorescence Immunocytochemistry
Spermatozoa were isolated as described above, washed twice, and resuspended in PBS. Cells were fixed in 4% formaldehyde in PBS at 4ЊC for 30 min. The sperm solution was then treated with 0.2% Triton X-100. Fixed spermatozoa were attached to poly-L-lysine-coated coverslips. The coverslips were washed once with TTBS and three times with TTBS supplemented with 5% BSA and then incubated for 1 h in a blocking solution containing 5% BSA and 5% normal goat serum in TTBS at room temperature. The coverslips were then incubated with primary antibody for 1 h at room temperature or overnight at 4ЊC, washed three times with TTBS, and incubated with corresponding secondary antibody conjugated to indocarbocyanine (Cy3; Jackson Laboratories, West Grove, PA) for 1 h at room temperature. The coverslips were washed five times with TTBS and then examined by fluorescence microscopy.
RESULTS
Phosphorylated PP1␥2 Is Present in Caudal Epididymal Sperm Extracts
We first examined whether phosphorylated PP1␥2 was present in bovine caudal epididymal spermatozoa. We used affinity-purified antibody raised against the phosphorylated amino acid sequence domain in the PP1␣ carboxy terminus GRPT(p)PPR, where T(p) indicates phosphorylated threonine residue. The ability of this antibody to detect phospho-PP1␣ and phospho-PP1␥1 has been documented previously [32, 33] . Because testis-and sperm-specific PP1␥2 has the sequence of TRPTPPR, which differs by only one amino acid from the corresponding sequence in PP1␣ but is the same as that of PP1␥1, we anticipated that the antibody should recognize phosphorylated PP1␥2. Western blot analysis of soluble caudal epididymal sperm extracts (sperm 16K extracts) with the phospho-PP1-specific antibody showed a single, 39-kDa band, which is presumably caused by phosphorylated PP1␥2 (Fig. 1A, lane 2) . Electrophoretic migration of this protein matched PP1␥2 detected by antibody against the carboxy terminus region (Fig. 1A, lane 1) . The antibody, raised against the unique carboxy terminus region in PP1␥2, is expected to react against both the phosphorylated and nonphosphorylated forms of the enzyme. The phospho-PP1 antibody did not react against a bacterially expressed recombinant PP1␥2 or PP1␥2 fusion protein with a histidine tag (Fig. 1A, lanes 4 and 6) . However, the PP1␥2 carboxy terminus antibody recognized both these recombinant proteins (Fig. 1A, lanes 3 and 5) .
A significant proportion of sperm PP1␥2 is present in the insoluble fraction of sperm sonicates [13, 21] . Thus, we next determined the amount of phospho-PP1␥2 in soluble sperm compared to whole-sperm extracts. Data in Figure  1B show that soluble sperm extracts contain only a portion of the total amount of PP1␥2 and phospho-PP1␥2 in spermatozoa. The identity of the higher-molecular-weight band (ϳ80 kDa) obtained in the blot of whole-sperm extracts (Fig. 1B, lane 2) is not known.
Phosphorylation of PP1␥2 Increases During Epididymal Sperm Maturation
In somatic cells, PP1 is phosphorylated only during the G 1 /S-phase or G 2 /M-phase transitions of the cell cycle, and phosphorylation declines in other phases [31] [32] [33] . The presence of phosphorylated PP1␥2 in terminally differentiated spermatozoa was therefore surprising. We have previously shown that sperm PP1␥2 activity declines during sperm epididymal maturation [13] . Therefore, we examined whether the levels of phospho-PP1␥2 changed during sperm epididymal maturation. It can be seen that the level of phosphorylated PP1␥2 is much higher in caudal compared to caput epididymal spermatozoa (Fig. 2) . This comparison is based on extracts prepared from equal number of caput and caudal epididymal spermatozoa, as evidenced by the equal amounts of total PP1␥2 (Fig. 2) . 
Protein Phosphatase Inhibitor Treatment Leads to Increased PP1␥2 Phosphorylation in Caudal and Caput Epididymal Spermatozoa
Because motile caudal epididymal spermatozoa contain more phosphorylated PP1␥2 compared to immotile caput spermatozoa, a logical question was whether phospho-PP1␥2 levels are correlated with motility. If so, the levels of phospho-PP1␥2 should increase in sperm treated with agents known to alter motility. Cyclic AMP and calcium are two key intracellular mediators of sperm motility. We first examined the effect of the phosphodiesterase-inhibitor IBMX, which initiates motility in caput and stimulates motility in caudal epididymal spermatozoa through elevation of intrasperm cAMP levels [7, 8] . No change was observed in phospho-PP1␥2 levels in sperm treated with IBMX in both caput and caudal spermatozoa (Fig. 3A) . Changes in intracellular calcium levels, induced by calcium ionophores, have a biphasic effect on motility-stimulation at low levels and inhibition at high levels of external calcium [5] . The levels of phospho-PP1␥2 did not change as a function of increasing intracellular calcium level (Fig. 3B) . Other compounds known to activate motility, such as 2-chloroadenosine [8, 11] and 8-bromo-cAMP [6] , or compounds that inhibit motility, such as s-Ht31 [11] , had no effect on the level of phospho-PP1␥2 (data not shown).
The compounds calyculin A and okadaic acid inhibit the protein phosphatase subtypes PP1 and PP2A. Spermatozoa contain both PP1␥2 and PP2A (unpublished data). Because protein phosphorylation is a balance between the activities of protein kinases and protein phosphatases, we examined whether inhibition of PP1␥2 and PP2A activity would change phospho-PP1␥2 levels. Figure 3 (C and D) shows that phospho-PP1␥2 levels are increased in both caput and caudal epididymal spermatozoa treated with 50 nM calyculin A. This concentration of calyculin A induces motility in caput and stimulates motility in caudal epididymal spermatozoa [13, 14] Phosphorylated PP1␥2 Is the Only Spontaneously Active Form of PP1␥2 in Caudal Epididymal Spermatozoa 16K Extracts
Studies are underway in our laboratory to identify protein regulators of PP1␥2 in spermatozoa [21, 40, 41] . Data (Fig. 4A ) from these studies showed that PP1␥2 in caudal sperm 16K extracts could be separated into three distinct pools by cation-and anion-exchange columns (DEAE-cellulose and SP-sepharose columns, respectively). The three pools of PP1␥2 are as follows: PP1␥2 in the DEAE-cellulose flow-through further purified through SP-sepharose (Fig. 4A, lane 4) is pool 1, and PP1␥2 released from the DEAE-cellulose column separated on SP-sepharose as flow-through (Fig. 4A, lane 6 ) and gradient fractions (Fig.  4A, lane 7) are pools 2 and 3, respectively.
We examined if any of these pools contained phospho-PP1␥2. Figure 4 shows that PP1␥2 absorbed in DEAEcellulose (Fig. 4B, lane 5) contained phospho-PP1␥2. The enzyme released from DEAE-cellulose by a salt gradient (0.185-0.35 M) was passed through SP-sepharose column. It can be seen that phospho-PP1␥2 is excluded from the SP-sepharose column (Fig. 4B, lane 6) . The other PP1␥2-containing fractions, DEAE flow-through (Fig. 4A, lane  2) and its SP-sepharose gradient fraction (Fig. 4A, lane  4) , do not contain phospho-PP1␥2 (Fig. 4B, lanes 2 and  4) . Activity data in Figure 4C show that phospho-PP1␥2-containing fractions (Fig. 4, A and B, lanes 5 and 6) , are the only catalytically active form of PP1␥2 in caudal sperm extracts.
Cyclin-Dependent Kinases in Spermatozoa
Phosphorylation of PP1␥2 most likely results from the actions of the cyclin-dependent kinases, Cdk1 or Cdk2. Both migrate as 34-kDa proteins in SDS-gel electrophoresis. These two cyclin-dependent kinases phosphorylate somatic cell PP1 isoforms of PP1␣ and PP1␥1 both in vitro and in vivo. Cyclin-dependent kinase 1(Cdk1) has been found in developing spermatozoa in mouse testis [42] . However, it is not certain whether Cdk1 or Cdk2 is present in epididymal spermatozoa. We used two different commercial antibodies to examine whether Cdk1 is present in sperm extracts. Both these antibodies revealed a protein at 34 kDa, which is the expected molecular weight of Cdk1, in Jurkat cell lysates (used as a positive control) but not in bovine sperm extracts (Fig. 5, A and  B) . One of these antibodies showed a number of uniden- Control spermatozoa were incubated with second antibody alone. The fluorescence and bright-field images were obtained with a ϫ100 oil immersion lens with a total magnification of ϫ1000.
tified, cross-reacting proteins in sperm but not in Jurkat cell extracts (Fig. 5A) . We next used antibodies against a conserved amino acid sequence domain PSTAIR of Cdk1 and Cdk2 [43] [44] [45] . The PSTAIR antibody, which was expected to react with both Cdk1 and Cdk2, showed a 34-kDa protein in sperm 16K, sperm pellet, and wholesperm extracts. A proportion of the enzyme is insoluble, as seen in the analysis of extracts prepared from the insoluble fraction of sperm sonicates (Fig. 5C) . A immunoreactive band at 34 kDa was also observed in Jurkat cell lysates (used as a positive control) (Fig. 5C ).
Subcellular Localization of Phospho-PP1␥2
We next attempted to determine the subcellular localization of phospho-PP1␥2 in spermatozoa. First, we isolated head and tail fragments from caudal spermatozoa. Western blot analysis shows that phospho-PP1␥2 is present predominantly in sperm head compared to tail fragments (Fig. 6A ). Figure 6A also shows that this comparison is based on extracts adjusted to equal amounts of immunoreactive PP1␥2. The 80-kDa, cross-reacting protein seen in Figure 1B is also observed in the Western blot of the head but not of the tail fraction (not shown).
Immunofluorescence was used to determine the localization of phospho-PP1␥2 within spermatozoa. Immunostaining appeared localized to the posterior region of the sperm head (Fig. 6B, left lower and middle) . No fluorescence was observed when preimmune rabbit serum or when second antibody alone was used. For comparison, immunostaining observed with PP1␥2 antibody, which recognizes both phosphorylated and nonphosphorylated PP1␥2, is also shown in Figure 6 . It can be seen that PP1␥2 is present along the entire length of the flagellum, with intense staining in the posterior region and the equatorial segment of the head.
DISCUSSION
The ability of spermatozoa to move and fertilize the egg develops during their transit through the epididymis. Little protein synthesis occurs in epididymal spermatozoa. Therefore, it follows that regulation of protein function by posttranslational modification must be part of the biochemical changes underlying development of sperm function. Protein phosphorylation is a universal cellular mechanism that is used in the regulation of protein function. Protein phosphorylation is the result of the regulated actions of protein kinases and protein phosphatases. Protein kinases and protein phosphatases may themselves be regulated by phosphorylation. In somatic cells, PP1 plays critical roles in cell-cycle progression. The somatic cell isoform of PP1, PP1␣, undergoes phosphorylation and dephosphorylation in a cell cycle-dependent manner. It is phosphorylated during the G 1 /S-phase and G 2 /M-phase transitions of the cell cycle [32] [33] [34] . In the present study, we have made the unexpected observation that PP1␥2, the sperm-specific protein phosphatase, is phosphorylated in the terminally differentiated, posttesticular, epididymal spermatozoa. Antibody specific for the phosphorylated amino acid sequence domain GRPTPPR was used in the present study.
Initially, we considered the possibility that phosphorylated PP1␥2 in posttesticular spermatozoa could be remnants from events that took place during sperm differentiation in the seminiferous tubules. However, this did not appear to be the case, because the level of phospho-PP1␥2 increases during sperm passage through the epididymis (Fig. 2) . It may be noted that caput and caudal epididymal spermatozoa contain roughly equal amounts of total PP1␥2 (Fig. 2) . Increased phosphorylation during sperm epididymal maturation suggests that not only the enzymes responsible for phosphorylation and dephosphorylation of PP1␥2 are active in posttesticular spermatozoa but also that their activities are undergoing changes during sperm passage through the epididymis. Further evidence for an active turnover of the phosphate in PP1␥2 is the observation that the level of phospho-PP1␥2 increases in spermatozoa treated with the serine/threonine phosphatase-inhibitor calyculin A (Fig. 3, C and D) . Because calyculin A is a potent inhibitor 445 PP1␥2 PHOSPHORYLATION IN SPERMATOZOA   FIG. 7 . Properties of three pools of PP1␥2 in caudal and caput epididymal spermatozoa. Purification by column chromatography showed three distinct pools of PP1␥2 in caudal and caput sperm extracts. Both contain PP1␥2 bound to heat shock protein 90 (hsp90), which is inactive [40] , and PP1␥2 bound to protein 14-3-3, which shows PP1 activity [40] . The pool of PP1␥2 bound to protein 14-3-3 is phosphorylated. Caudal sperm extracts contain a third pool of PP1␥2, which is bound by sds22 and shows no PP1 activity [46] , whereas caput sperm extracts contain a pool of PP1␥2, which is in its free, catalytically active form [46] . of the phosphatases PP1 and PP2A, it is likely that PP1␥2 itself or PP2A could be the enzyme responsible of dephosphorylating phospho-PP1␥2.
The phosphorylated amino acid sequence domain T(p)PPR in sperm PP1␥2 and the somatic cell isoforms of PP1 is a consensus amino acid sequence for action by cyclin-dependent kinases [30] . The ability of Cdk1 and Cdk2 to phosphorylate PP1␣ and PP1␥1 both in vitro and in vivo has been demonstrated [32] [33] [34] . Therefore, one or both of these protein kinases, if present in spermatozoa, likely could be responsible for PP1␥2 phosphorylation. Our data suggests that Cdk1 may not be present in posttesticular spermatozoa. Two different, commercially obtained antibodies specific for Cdk1 did not detect a 34-kDa (the expected molecular size of Cdk1) protein in Western blot analysis of sperm extracts (Fig. 5) . It should be emphasized that Cdk1 in developing sperm of the mouse testis has been documented using both Western blot analysis and enzyme assay [42] . Our failure to detect Cdk1 is unlikely to have resulted from the lack of cross-reactivity of these antibodies against bovine sperm Cdk1. These antibodies also failed to detect a 34-kDa protein in mouse epididymal sperm extracts (data not shown). The observation that PSTAIR antibodies, which are capable of reacting against Cdk1 and Cdk2, detect a 34-kDa protein in sperm extracts (Fig. 5) suggests that bovine epididymal spermatozoa contain Cdk2. It is possible that Cdk2 may be responsible for PP1␥2 phosphorylation in spermatozoa. Based on intensity of staining in the Western blots, it appears that Cdk2 is present in much lower amounts in spermatozoa compared to somatic cell extracts (Fig. 5) . Further studies are required to determine whether Cdk2, detected in Western blots of sperm extracts, is catalytically active within spermatozoa. At present, these studies are complicated by the inability of PSTAIR antibodies to immunoprecipitate Cdks and by the fact that a substantial portion of sperm Cdk2 is insoluble. If sperm Cdk2 is shown to be active, the next question to be answered is whether the increase of PP1␥2 phosphorylation during sperm maturation is caused by an increase in Cdk2 activity, a decline in activity of the phosphatase responsible for dephosphorylating phospho-PP1␥2, or both.
Notable differences exist concerning PP1 phosphorylation in somatic cells compared to that in spermatozoa. First, in somatic cells, PP1 is phosphorylated and dephosphorylated as the cell passes through the G 1 /S-phase and G 2 /Mphase transitions. However, in spermatozoa, phosphorylation of PP␥2 increases with sperm epididymal development. Following this increase, it is not known if the enzyme is ever dephosphorylated. Second, phosphorylation of PP1 in somatic cells results in inhibition of PP1 activity, whereas in spermatozoa, phosphorylated PP1␥2 appears to be the only catalytically active form of the enzyme. Third, phosphorylated PP1 is cytoplasmic in somatic cells, whereas phosphorylated PP1␥2 is predominantly insoluble in spermatozoa. In both somatic cells and spermatozoa, the protein phosphatase-inhibitor calyculin A increases PP1 phosphorylation, suggesting that PP1 (PP1␥2) or PP2A may be responsible for dephosphorylation.
Finally, the main question raised in the present study concerns the physiological importance of phosphorylated PP1␥2 in spermatozoa. Although phosphorylation of PP1␥2 increases in parallel with the initiation of sperm motility in the epididymis, the relationship between phosphorylation of PP1␥2 and sperm motility is still unclear. It appears unlikely that the second-messengers cAMP or calcium, which are two of the intrasperm mediators of sperm motility, regulate PP1␥2 phosphorylation. Thus, it is also unlikely that phospho-PP1␥2 may have a direct role in motility. Further support for this conclusion comes from the observations of little phospho-PP1␥2 detected in Western blot analysis of sperm extracts prepared from tail fragments and the lack of a strong signal in the flagellum in fluorescence immunocytochemistry. Localization of phospho-PP1␥2 in the posterior region of the sperm head suggests that it may be required for signaling events during sperm contact with the egg. It is suspected that the equatorial segment and the posterior region of the sperm head may be involved in sperm binding and fusion to the egg plasma membrane [16, 17] .
It may appear to be paradoxical that the levels of phospho-PP1␥2, which is the only catalytically active form of caudal sperm PP1␥2, increase in caudal spermatozoa, whereas the activity of the enzyme in soluble sperm extracts decreases in caudal compared to caput spermatozoa [13] [14] [15] . It should be emphasized that phospho-PP1␥2 is but one of three forms of caudal sperm PP1␥2. The two other forms of PP1␥2 are inactive [20, 40, 41, 46] . One of these inactive forms is bound to a homologue of the yeast PP1-binding protein sds22 [20, 46] . A summary of the properties of these pools of PP1␥2 is shown in Figure 7 . In caput spermatozoa, a substantial portion of PP1␥2, which is not phosphorylated, is not bound to sds22 and is in its catalytically active form [46] . The decrease in PP1␥2 activity during sperm maturation is caused by changes in the association of nonphosphorylated PP1␥2 with its protein regulators. Presumably, these changes more than compensate for the increase in the pool of catalytically active phospho-PP1␥2.
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We have recently found that phospho-PP1␥2 may be bound to protein 14-3-3, a phosphoprotein-binding protein, which is also localized to the posterior region of the sperm head [40, 41; unpublished results]. Because phospho-PP1␥2 is the only spontaneously active form of PP1␥2 in caudal sperm extracts (Fig. 4) , we speculate that phosphorylation of PP1␥2 may be a biochemical mechanism to maintain a catalytically active pool of PP1␥2 in this distinct subcellular location in spermatozoa. This increased phosphorylation and catalytically active PP1␥2 may be necessary for signaling events during fertilization. We are actively pursuing studies to elucidate the role for this discrete pool of catalytically active phospho-PP1␥2 in sperm function.
